1. Introduction {#sec0005}
===============

Behavioral capacity to monitor performance develops throughout childhood and into adulthood; including the ability to ignore distractors, identify correct response and correct performance after a mistake ([@bib0065]). The medial frontal cortex (MFC) plays a key role in performance monitoring ([@bib0310]), and the maturation of this region is linked to age-related improvement in performance monitoring capabilities ([@bib0100]). However, the way in which MFC maturation contributes to the development of performance monitoring remains an open question. Development contributes to changes in white matter and gray matter development and contributes to changes in the degree of specialized in function within an area, the location of specific brain functions, and connectivity to other areas to support behavioral performance ([@bib0130]). Within the MFC the literature is conflicting on whether MFC activation becomes more focal with development, whether shifts in MFC activation correlate with developmental performance improvements and whether the location of performance monitoring shifts within the MFC during development.

Performance monitoring has been associated with conflicting reports of age-related decreases ([@bib0080], [@bib0170], [@bib0315]) and increases ([@bib0005], [@bib0220], [@bib0210], [@bib0100]) in magnitude of MFC activity. In addition, some work suggests that the extent of activation (measured by the number of voxels activated) becomes more focal ([@bib0220], [@bib0080], [@bib0160], [@bib0285]) or broader with age ([@bib0005], [@bib0045]). Cognitive developmental theories of interactive specialization identify the PFC as a region that is less specialized in childhood and becomes more specialized during development. Theoretically children should exhibit a more diffuse activation during than adults with a greater specialization with age ([@bib0130]). Developmental differences in magnitude and extent of activation can be confounded by traditional group-averaged data, which may contribute to the instability of MFC findings across developmental studies. Specifically, group differences may either be minimized or spuriously introduced by individual subjects in whom magnitude and/or extent of activation in a particular location differs substantially from the group average ([@bib0245]). Large variance in the location of individual peaks of activation may reduce the power to identify group differences in averaged data. Individual peak activity may vary across a range of 8--10 cm activation within the medial frontal wall ([@bib0260]). In addition, individual variability in performance may obscure developmental change in extent of PFC activation.

There are likely developmental differences in how the brain responds to the demands of performance monitoring tasks as performance improves with age. One study demonstrated an increase in dorsal/posterior MFC and a decrease in an anterior/rostral region with age while controlling for performance ([@bib0190]). However they also found the reverse pattern correlated with higher levels of fearful temperament. This may suggest that while children are performing a task at similar levels, some may view the task as more emotionally salient. Prior work has established that ventral regions of the MFC are activated in response to more emotionally salient information ([@bib0230]). Emotional salience of cognitive tasks may change with age as well. Children may struggle more to maintain performance on a task with greater emotional arousal.

Age-related changes in location of aspects of performance monitoring function within MFC have not been well studied. However, given the role of dorsal MFC in successful performance monitoring (Ridderinkof et al., 2004), age-related increases in dorsal MFC activation should correspond with maturation of performance monitoring function. Other work differentiates between the use of rostral MFC for new rule learning and premotor dorsal FC for simple action rules ([@bib0020]). There may be a developmental shift where children utilize new rule learning neuroanatomical regions (rostral MFC) to maintain the same level of performance on tasks that would be processed as simple action rules by adults (premotor dorsal FC). Better performing adults and children (i.e., those with well learned rule execution) should process in dorsal/posterior MFC during on low load tasks. However, as children develop, performance (i.e., accuracy) generally improves, necessitating the consideration of performance measures, as well as age, in mapping the development of performance monitoring function ([@bib0060]).

The present study seeks to examine the development of performance monitoring in children and adults ages 8--51. By analyzing topographical measures of MFC location ([@bib0245]). We sought to gain insight into the development of MFC-based performance monitoring function by analyzing single subject activation during the Multisource Interference Task (MSIT; [@bib0050]). The MSIT requires participants to respond to the different number out of three numbers presented onscreen. There are two conditions, congruent, in which the target number is flanked by Xs and incongruent where the target number is flanked by distracting numbers. Hierarchical linear modeling enabled us to examine the independent role of age, accuracy and activation extent on location of peak activations within the MFC. Based on work indicating a shift in location of activation from new rule learning to simple action rules, we hypothesized that better performance would predict a shift in location of activation from rostral/anterior to dorsal/posterior MFC independent of age. In addition, we hypothesized that the similar shift would be exhibited based on age, independent of performance. This hypothesis was based on prior work showing a dorsal developmental shift in function. Finally, based on the interactive specialization theory of developmental cognitive neuroscience, we predicted age and accuracy would associate with a shift from more diffuse MFC activation extent to more focal extent of activation within posterior MFC.

2. Materials and methods {#sec0010}
========================

Permission to conduct this study was obtained through the University of Michigan Institutional Review Board and the research conforms to the Code of Ethics of the World Medical Association (Declaration of Helsinki). According the IRB procedures, consent was obtained by adults and parents of children and children provide assent to participate in this study.

2.1. Participants {#sec0015}
-----------------

Healthy youth and adults were recruited through community advertisements, flyers and a university sponsored research recruitment website. Twenty-nine healthy children and adolescents between the ages of 8--17 (16 females; mean age = 12.9, *SD* = 2.8) and 21 healthy adults between ages 23--51 (6 females; mean age = 39.8, *SD* = 9.4) were recruited. Data from seven children were excluded (failure to understand task, *n* = 1; image quality, *n* = 3; excessive movement, *n* = 3, movement greater than 2 mm or degrees for one or more brain volumes) for use in data analysis, resulting in a final group of 22 children. Participants were first prescreened during an initial phone interview to ensure no history of serious medical or neurological illness, head trauma, or mental retardation. Youth who were eligible after phone pre-screening were interviewed to ensure no current or prior history of psychiatric illness using the Kiddie-Schedule for Affective Disorders -- Present and Lifetime Version ([@bib0140]) or the Structured Clinical Interview for Diagnosis ([@bib0095]), as appropriate to age group. \[For greater detail on selection criteria and methods, the reader is referred to [@bib0100]\].

2.2. Task {#sec0020}
---------

Participants performed a modified version of the Multisource Interference Task (MSIT), a cognitive interference task that elicits a robust interference signal in the medial prefrontal cortex (MFC) at the single-subject level ([@bib0050]). Participants were presented with three numbers printed in white on a black background and instructed to press a button indicating the identity of the "oddball" number. Oddball refers to the case that is different when others are the same. In this case participants are presented with three numerals side by side, two are the same and one is different. They are instructed to pick out the different number. Participants pressed the 1st, 2nd or 3rd button to indicate the numbers 1, 2 and 3, respectively. In control trials, the target number was flanked by the letter "x" and was in the same position as the correct button response (e.g., number 2 was in the second position). In interference trials, competing but incorrect numbers flanked the target number and the position of the target number did not correspond with the correct button response (e.g., the oddball number is "1" but it is in the 3rd position). On half of the trials the font size of the target number was larger than distracters and in the other half of the trials the font size of the target was smaller (see [Fig. 1](#fig0005){ref-type="fig"}).Fig. 1Multisource Interference Task (MSIT) paradigm.

The original block design of the MSIT was modified for an event-related presentation to enable the separation of correct from error trials. Participants completed 5 runs with 60 trials per run for a total of 300 trials. The experiment consisted of 60 fixation trials (white + on black background), 120 interference trials, and 120 control trials, presented in a pseudorandom order. Stimuli appeared for 500 ms and followed by a 2500 ms inter-stimulus interval (ISI, white + on black background).

2.3. Data analysis {#sec0025}
------------------

### 2.3.1. Behavioral analysis {#sec0030}

Reaction time and accuracy data were collected during scanning on a trial-by-trial basis. Accuracy and difference between incongruent and congruent conditions in reaction time (RT) and accuracy were submitted to ANCOVA with age as a covariate.

### 2.3.2. Data acquisition and preprocessing {#sec0035}

Scanning took place on a 3.0 T GE Signa scanner (LX \[8.3\] release, Neuro-optimized gradients), beginning with the acquisition of a standard, axial T1-image for anatomic normalization and alignment (gradient-recall-echo, repetition-time TR = 2000 ms, echo-time TE = 30 ms, flip-angle FA = 90, field-of-view FOV = 20 cm, 40 slices, slice-thickness = 3.0 mm, 64 × 64 matrix). Next, a reverse-spiral acquisition sequence was applied to collect T2\* weighted images in the same prescription as the T1-image, with 85 volumes per session. This protocol has been shown to minimize magnetic susceptibility to enable signal recovery in regions of the brain that lie near air/tissue boundaries ([@bib0240], [@bib0300]). After the functional volumes were acquired, a high resolution T1 scan (3D SPGR, TR = 10.5 ms, TE = 3.4 ms, FA = 25, FOV = 24 cm, 102 slices, slice thickness = 1.5 mm, 256 × 256 matrix) was obtained for anatomic normalization. Subject head movement was minimized through instructions to the participant and packing with foam padding that we have found to be well tolerated by children. Data underwent standard preprocessing steps including slice-timing correction, realignment of functional data (mcflirt, <http://www.fmrib.ox.ac.uk/fsl/>) and thresholding to exclude non-brain voxels from subsequent analysis. Functional volumes were normalized to the MNI152 template of the SPM2 software package, an average of 152 T1 images from the Montreal Neurological Institute. Data were then resliced and smoothed with a 5 mm isotropic Gaussian smoothing kernel (voxel size after preprocessing was 3 mm × 3 mm × 3 mm).

### 2.3.3. Functional imaging analyses {#sec0040}

Functional data were analyzed using a standard random effects analysis within the framework of the modified General Linear Model ([@bib0290], [@bib0295]), implemented using SPM2. Three conditions were modeled (errors, correct interference trials, and correct control trials) to enable the calculation of contrasts of interest for errors (all errors -- all correct) and for interference (interference trials -- control trials) for each subject. Errors and interference processing were both assessed given prior work suggesting these functions may be distinct elements of performance monitoring that engage more dorsal, and more rostral aspects of the MFC, respectively ([@bib0310], [@bib0305]). Previous research has found robust signal of error-related brain activation with three or more error trials ([@bib0245]). Thus, six adults and 2 youth who committed less than three errors were excluded from this analysis, leaving 20 youth and 15 adults with sufficient errors for inclusion in the error analysis. Single-subject contrasts were carried forward into hierarchical linear modeling (HLM) to test the relationship of topographical measures of MFC activation with individual characteristics of age and performance.

### 2.3.4. Group analyses {#sec0045}

Whole-brain group analyses of both interference (incongruent -- congruent) and error (error -- correct) contrasts were previously reported ([@bib0100]) and showed robust MFC activation for youth and adult groups when examined separately, but no differences between groups.

### 2.3.5. Topographic analyses of MFC activation {#sec0050}

Previously our lab has defined a procedure for the measurement of the locations of individual activations in the MFC (see [@bib0245]). In brief, a large MFC search volume was specified (coordinate bounds: *x* = +18 to −18, *y* = 1 to 71, *z* = −18 to 72). Since the analysis focused on differential spatial distribution of peaks, rather than the significance of individual peaks, a liberal threshold of *p* \< 0.005 uncorrected and an extent ≥10 voxels (volume of 270 mm^3^) was used to threshold single-subject activation maps. Within the confines of this space, individual interference and error contrasts were examined to characterize MFC activations for each subject based on (1) location (i.e., peak coordinates) and (2) extent of cluster associated with each peak. Similar numbers of youth and adults activated the MFC for both the interference (12/22 youth and 13/21 adults) and error contrasts (16/19 youth and 11/15 adults).

We defined two measurements to characterize the location of each peak activation ([@bib0245]). A two-dimensional cubic spline (S) was fit to a series of points located along the border of the corpus callosum ([@bib0235]) of the MNI152 brain. A point *P* along the spline *S* was determined for each peak of each cluster or sub-cluster, projected across the lateral dimension (*x* = −18 to +18), enabling the calculation of two indices of spatial location (see [Fig. 2](#fig0010){ref-type="fig"}, [Fig. 3](#fig0015){ref-type="fig"}). First, the radial measurement (*R*) from point *P* to each cluster peak was calculated. Second, the distance along line *S* (starting at *y* = 0) from point *P* -- the longitudinal spline (LS) -- was measured. Radial measurements were along the dorsal--ventral dimension and longitudinal spline measurements generally gave the distribution of clusters in the anterior--posterior dimension. For clusters located subgenually, a longer longitudinal spline measurement would have been recorded, following the neuroanatomy of the corpus callosum ([@bib0245], [@bib0235]). Radial and longitudinal spline measurements were computed for the maximal peak and sub-peaks within each cluster of activation. In addition, the extent of activation for each cluster was calculated based on total number of voxels per cluster. Scatterplot age and distance were examined with linear, quadratic and cubic linear estimates. There was no evidence of a quadratic or cubic relation between age and radius or longitudinal spline.Fig. 2Youth and Adult Topographical Map of Locations of peak activations during interference within coordinate bounds: *x* = +18 to −18, *y* = 1 to 71, *z* = −18 to 72. Individual subjects can contribute multiple peaks.Fig. 3Youth and Adult Topographical Map of Locations of peak activations during error commission within coordinate bounds: *x* = +18 to −18, *y* = 1 to 71, *z* = −18 to 72. Individual subjects can contribute multiple peaks.

For the primary analyses of interest, we fitted three-level hierarchical linear models (HLMs) ([@bib0195]) using the HLM 6.0 software ([@bib0200]). In each of these models, locations of peaks and sub-peaks on radial and longitudinal splines defined the first level of measurement (Level 1), and these were the dependent variables of interest. The location measures were nested within clusters of activation, which often included a maximal peak and multiple sub-peaks (Level 2) that in turn were nested within individuals (Level 3). We estimated the fixed effects of cluster extent (a level-two covariate), subject age (a level-three, or individual-level, covariate), and subject accuracy (also a level-three covariate) on the locations of the peaks. The models also included random effects for clusters nested within individuals, and random effects for individuals (allowing for correlations of Leve1 1 location measures within clusters and individuals). Analyses were conducted separately for peak locations based on radius (*R*) and longitudinal spline (LS), for both error and interference contrasts, yielding four different HLMs (see [Table 1](#tbl0005){ref-type="table"}).Table 1Hierarchical linear model equations, variables and summary of results.Level of analysisEquationDependent variableIndependent variablesResultInterference longitudinal spline (LS) final modelLevel 1*Y* = P0 + ELS distance along CCMean LS + error varianceMean LS = 28.24 mmLevel 2P0 = B00 + B01\*(CLUSTER) + R0LS distance along CCCluster extent + error varianceN.S.Level 3B00 = G000 + G001(EXACT AG) + G002(INC_ACC) + U00LS distance along CCAge + accuracy + error varianceMFC activation moved posteriorly along the corpus callosum by:\
• 0.79 mm per year older\
• 0.43 mm for each percentage point more accurateB01 = G010 + G011(AGE) + G012(ACC)Cluster extentAge + accuracyAge and accuracy interacted with cluster extent to predict LS ([Fig. 3](#fig0015){ref-type="fig"})Explained varianceLevel 1 variance − Level 3 variance/Level 1 varianceDifference between unconditional model and three level model85% of total variance in peak locations was due to individual factorsInterference radius (*R*) final modelLevel 1*Y* = P0 + ERadial measure from CC to peakMean *R* + error varianceMean *R* = 22.63 mm (22.93 mm in unconditional model)Level 2P0 = B00 + B01\*(CLUSTER) + R0Radial measure from CC to peakCluster extent + error varianceN.S.Level 3B00 = G000 + G001(EXACT_AG) + G002(INC_ACC) + U00Radial measure from CC to peakAge + accuracy + error varianceN.S.B01 = G010 + G011(AGE) + G012(ACC)Cluster extentAge + accuracyN.S.Explained varianceLevel 3 variance/total variancePercent of variance10% of total variance accounted for by age and accuracyError longitudinal spline (*LS*) final modelLevel 1*Y* = P0 + ELS distance along CCMean LS + error varianceMean LS = 26.01 mmLevel 2P0 = B00 + B01\*(CLUSTER) + R0LS distance along CCCluster extent + error varianceN.S.Level 3B00 = G000 + G001(EXACT_AG) + G002(INC_ACC) + U00LS Distance along CCAge + total errors + error varianceMFC activation moved anteriorly along the corpus callosum by:\
• 0.30 mm per error\
• 0.04 mmB01 = G010 + G011(AGE) + G012(ACC)Cluster extentAge + total errorsAge interacted with cluster extent to predict LS ([Fig. 4](#fig0020){ref-type="fig"})Explained varianceUnconditional Level 3 variance − final Level 3 variance/unconditional Level 3 varianceProportion of individual variance explained96% of total individual variance was explained by age and total number of errorsError radius (*R*) final modelLevel 1*Y* = P0 + ERadial measure from CC to peakMean *R* + error varianceMean *R* = 21.98 mm (22.18 mm in unconditional model)Level 2P0 = B00 + B01\*(CLUSTER) + R0Radial measure from CC to peakCluster extent + error varianceN.S.Level 3B00 = G000 + G001(EXACT_AG) + G002(INC_ACC) + U00Radial measure from CC to peakAge + total errors + error varianceMFC activation moved posteriorly along the corpus callosum by:\
• 0.21 mm per year olderB01 = G010 + G011(AGE) + G012(ACC)Cluster extentAge + total errorsAge and Accuracy interacted with cluster extent to predict *R* ([Fig. 5](#fig0025){ref-type="fig"})Explained varianceUnconditional Level 2 variance − final Level 2 variance/unconditional Level 2 variancePercent of variance18% of total cluster level variance accounted for by cluster extent

Prior to the selection of the final model two additional predictors were examined. First, to explore interdependence between our distance measures, we modeled each outcome measure (LS and *R*) with and without the other as a level one predictor; however, there was no evidence of interdependence. Second, we examined gender as a level three predictor however the inclusion of this variable was also insignificant. In order to proceed with the most parsimonious model the other distance measure and gender were eliminated as predictors.

Three different models were fitted for each of four dependent variables (LS and *R*, each for interference and error conditions). First, an unconditional three-level model was used to quantify the amount of unexplained variance in location across the three levels (Level 1: peak level, Level 2: cluster level and Level 3: individual level). Unconditional models are necessary to fit as a basis for quantifying the amount of unexplained variance at levels two and three of analysis that can be accounted for by the later conditional models ([@bib0195]).

Next, a full three-level model was examined. At the first level the peak location (the dependent variable, measured by either longitudinal spline or radius for each individual) was entered. At the cluster level of the model (Level 2), the extent of the cluster was entered as the only cluster-level covariate, expected to explain variance in peak locations. Finally, individual-level covariates entered at Level 3 of the model included the age of the participant (centered relative to the grand mean) and accuracy. In the Interference condition, the percent of accuracy during interference was used. For the error condition we used the total count of commission errors. The three-level HLM (full model) allowed us to (1) test for the linear effects of age and accuracy on the location of MFC activation (2) and control for the potential influence of difference in extent of clusters on peak location.

It is important to note that each individual could have multiple peaks corresponding to multiple clusters of MFC activation, and multiple sub-peaks within each cluster. This analysis partitions the total variance of location of MFC activations into between-person variance (based on age and accuracy), between-cluster variance (based on extent, i.e., the number of voxels per cluster within a subject), and between-location variance within a cluster (locations of cluster and sub-cluster peaks within a subject).

To account for the possible interactions between factors at different levels, at the third stage a final three-level model was examined. This final model included the predictors in the full model and allowed for a three-way interaction between age, accuracy, and cluster extent on location of activation. This was an exploratory analysis to understand if there was a change in the association between cluster extent and location based on age or accuracy. For simplicity of presentation, significant results are presented. Variables not discussed are non-significant predictors.

3. Results {#sec0055}
==========

3.1. Behavioral results {#sec0060}
-----------------------

Results of ANCOVA in the full group of 43 subjects showed a linear effect of age where performance increased with age in both congruent, *F*(1,43) = 6.209, *p* \< 0.05, and incongruent conditions, *F*(1,43) = 14.110, *p* = 0.001. There was also a linear effect of age on the difference in RT between congruent and incongruent conditions such that younger subjects had a greater difference in RT between tasks, *F*(1,43) = 4.084, *p* = 0.05.

3.2. Functional results {#sec0065}
-----------------------

### 3.2.1. HLM of interference {#sec0070}

#### 3.2.1.1. Interference longitudinal spline {#sec0075}

The unconditional means model for longitudinal spline (LS) showed significant unexplained individual-level variance in location of peaks along the LS (*χ*^2^(23) = 65.05, *sd* = 12.05, *p* \< 0.001, see [Fig. 2](#fig0010){ref-type="fig"}). In other words, on average, peaks occurred in different locations for different individuals (as expected). The estimated standard deviation of HLM random effects are assumed to arise from a normal distribution with mean 0 and some standard deviation. In addition, the mean locations of cluster peaks within individuals varied significantly (*χ*^2^(29) = 173.32, *sd* = 10.97, *p* \< 0.001). The estimated mean location of peaks along the LS of the corpus callosum (*β* = 28.56, *t* = 8.99, *p* \< 0.001) was 28.56 mm from the posterior edge of our LS measurement (i.e., *y* = 0). Examination of level-three variance components revealed that the proportion of total variance in peak locations due to individual factors was 43% (equation: Level 3 variance/(Level 1 variance + Level 2 variance + Level 3 variance)) or *τ*~β~/(*σ*^2^ + *τ*~π~ + *τ*~β~).

In a full model including the fixed effects of age of individual, accuracy (percent accuracy during interference), and cluster extent there was no longer unexplained variability at the individual level in LS (*χ*^2^(21) = 24.79, *sd* = 3.43, *p* \> 0.1). Specifically, variability in LS between individuals was predicted by age (*β* = −0.83, *t* = −7.13, *p* \< 0.001) when controlling for differences in cluster extent such that, for each year older, MFC activation moved posteriorly along the corpus callosum by 0.83 mm. Accuracy also uniquely predicted the location of clusters along the LS (*β* = −0.33, *t* = −2.88, *p* \< 0.05) when included with age, such that with each percentage point greater accuracy, the location of the activation moved posteriorly by 0.33 mm. Between-cluster variability within individuals remained after including the fixed effect of cluster extent in the model (*χ*^2^(28) = 164.51, *sd* = 9.33, *p* \< 0.001), suggesting that other cluster-level factors may be introducing variance in locations among the clusters.

A final model allowing for a three-way interaction between age, accuracy and the extent of the cluster was fitted on the LS. In this model there remained no unexplained variability between individuals in LS location (*χ*^2^(21) = 31.07, *sd* = 4.65, *p* \> 0.05). Age remained a predictor of LS when controlling for differences in cluster extent (*β* = −0.79, *t* = −5.66, *p* \< 0.001), such that for each year older peak location was 0.79 mm more dorsal and posterior along the corpus callosum. Incongruent accuracy also significantly predicted location of clusters (*β* = −0.42, *t* = −2.72, *p* \< 0.05), such that with each percentage point greater accuracy, activation was 0.42 mm more dorsal and posterior along the corpus callosum.

Incongruent accuracy interacted with the extent of cluster (*β* = 0.10, *t* = 2.45, *p* \< 0.05), and there was also weak evidence of age interacting with extent of cluster (*β* = −0.001, *t* = −1.48, *p* \< 0.1) to influence activation distance along the longitudinal spline. Interpreting these interactions, we found that with greater age and less accuracy, larger clusters were located closer to the *y* = 0 point, and with younger age and less accuracy, larger clusters were located farther away from the start of the *y* = 0 point (see [Fig. 4](#fig0020){ref-type="fig"}). A comparison of the final three-level model to the unconditional model revealed that 85% of explainable individual-level variance in location of LS is explained by the inclusion of age and accuracy. There remained between-cluster variance within individuals in LS in this model.Fig. 4Three way interaction of age, accuracy and cluster extent on distance along longitudinal spline during interference, illustrated with 25th and 75th percentile of age and performance.

#### 3.2.1.2. Interference radial distance {#sec0080}

The unconditional means model for radial distance (*R)* location had significant unexplained variance within individual (*χ*^2^(29) = 62.70, *sd* = 4.86, *p* = 0.001). There was no between individual differences in *R* (*χ*^2^(23) = 30.74, *sd* = 3.18, *p* \> 0.1), with a mean *R* location of 22.93 mm from the corpus callosum. Examination of variance components indicated that only 10% at the level of individual factors, meaning that most of the variability in radial distance was within individuals, rather than between individuals. Within individual variability remained for the *R* distance in the full model (*χ*^2^(28) = 61.66, *sd* = 4.69, *p* = 0.001). None of the predictors significantly explained between within individual variability in *R* location.

### 3.2.2. HLM of error {#sec0085}

#### 3.2.2.1. Error longitudinal spline {#sec0090}

The unconditional means model for LS during error found evidence of significant variance in location within individuals (*χ*^2^(61) = 552.78, *sd* = 17.29, *p* \< 0.001, see [Fig. 3](#fig0015){ref-type="fig"}), but not between individuals (*χ*^2^(26) = 23.55, *sd* = 3.77, *p* \> 0.1). The mean location of LS from the *y* = 0 was 25.51 mm.

In a full model including cluster extent, age and accuracy (total commission errors), there remained significant cluster level unexplained variance within individual LS (*χ*^2^(60) = 501.42, *sd* = 16.75, *p* \< 0.001). Differences in cluster extent (*β* = −0.04, *t* = −3.00, *p* \< 0.005) predicted this within individual variance. In this full model, accuracy also predicted LS distance (*β* = −0.31, *t* = −2.20, *p* \< 0.05) between individuals; however, age was not predictive (*β* = −0.10, *t* = −0.70, *p* \> 0.1). Both greater cluster extent and more total commission errors were related to a shorter distance from the *y* = 0 point.

In a final model allowing for the interaction between Level 1 factors and Level 2 factors, there remained significant unexplained variance at the cluster level in LS measurement (*χ*^2^(60) = 449.01, *sd* = 16.59, *p* \< 0.001), with the mean location of error activation ∼26 mm from the *y* = 0 point on the corpus callosum (*β* = 26.01 *t* = 13.78, *p* \< 0.001). There remained a difference in LS based on accuracy (*β* = −0.31, *t* = −2.19, *p* \< 0.05) and extent of clusters (*β* = −0.04, *t* = −4.85, *p* \< 0.001) such that fewer error commissions, controlling for age and cluster extent were more rostral and anterior and larger clusters were located more dorsally and posteriorly.

Individual age interacted with cluster extent (*β* = 0.001, *t* = 3.252, *p* \< 0.005), such that smaller clusters in youth were located more rostrally and anteriorly and greater cluster extent was significantly closer to *y* = 0 in youth than in adults (see [Fig. 5](#fig0025){ref-type="fig"}). Ninety-six percent of explainable variance in means between individuals was explained by the individual-level factors considered in this model.Fig. 5Interaction of age and cluster extent on distance along longitudinal spline during error, illustrated with dichotomous grouping of data, illustrated with 25th and 75th percentile of age.

#### 3.2.2.2. Error radial distance {#sec0095}

There was also significant variability at within individuals in the unconditional means model of error *R* measurement (*χ*^2^(61) = 198.37, *sd* = 7.88, *p* \< 0.001) and a trend level difference between individuals (*χ*^2^(26) = 37.32, *sd* = 3.98, *p* \< 0.1) in error *R*. Average distance from the corpus callosum 22.18 mm. Examination of variance components revealed that only 11% of variance in *R* location of activations could be accounted for by the individual level.

A full model with age, accuracy, and cluster extent revealed that age was a marginal predictor of *R* measurement (*β* = −0.18, *t* = −1.96, *p* \< 0.1). The final model including interactions between individual level predictors and cluster extent revealed that age (*β* = 0.001, *t* = 2.51, *p* \< 0.05) and accuracy (*β* = 0.001, *t* = 2.28, *p* \< 0.05) interacted with cluster extent, such that older participants with more errors and large cluster extents activated further away from the corpus callosum, whereas for younger participants greater accuracy resulted in smaller and closer activation (see [Fig. 6](#fig0030){ref-type="fig"}). In the final model 18% of the explainable cluster-level variance in activation location was explained by cluster extent.Fig. 6Three way interaction of age, accuracy and cluster extent on radial distance during error processing, illustrated with 25th and 75th percentile of age and performance.

4. Discussion {#sec0100}
=============

We undertook a re-analysis of previously published data to demonstrate age-related differences in the location of MFC activity during a performance monitoring task using a topographic analysis. Our previous analysis with voxel-wise group contrasts found age-related increases in activation within a dorsal MFC ROI among youth, but failed to show magnitude or extent differences in MFC activation between youth and adults (see [@bib0100]). Because that analysis examined group-averaged data, it was unable to test age-related changes in location of MFC activation. In this re-analysis, topographic distribution of individual activations was assessed across the wall of the MFC, demonstrating that activation during interference processing shifted from a rostral/anterior MFC to dorsal/posterior with age. In addition, better performance was also associated with more posterior activation. Cluster extent did not predict the location of peaks but did interact with age and accuracy underlining the degree to which extent of activation may mask age- and performance-related changes in location. During error processing, accuracy (but not age) significantly predicted between individual variability in activation location. In contrast to interference processing, error processing was associated with greater within -- than between -- individual variability in activation location, suggesting that error processing within an individual is spread over a greater span of the MFC.

4.1. Interference processing: longitudinal distance {#sec0105}
---------------------------------------------------

Within our sample, at the mean age of ∼22, mean distance of interference peak activation was ∼29 mm from the point *Y* = 0 along the corpus callosum (CC), localizing to the rostral, dorsal divide of the CC suggested by [@bib0235]. The shifting of interference-related activation from rostral/anterior to dorsal/posterior MFC during development adds to prior work showing that limbic areas related to the awareness of emotionally salient information, including the ventral MFC, develop prior to dorsal MFC substrates for cognitive control regions ([@bib0190], [@bib0230]). Our work shows that, during interference, younger subjects recruit areas located within the MFC considered to be more active during emotion processing ([@bib0090], [@bib0235]). The three-level HLM indicated that the location difference is not due to large extent clusters, but cluster extent did interact, pointing to the necessity of controlling for this variable.

Age-related increases in dorsal/posterior and decreases in rostral/anterior MFC activation during interference have been suggested by prior work, and are supported by our topographical analysis. For example, [@bib0215] who found increased activation of cognitive control regions, including the dorsal MFC with age during inhibition, switching and interference; [@bib0005] found greater activation with age in more posterior regions of the ACC in their sample of youth from 7 to 22 years old; and [@bib0170] found a decrease in activation with age during Stroop interference in the vMFC and rACC in children, adolescents and adults. This shift has been observed in other developing cognitive domains, notably mentalization ([@bib0030]), and may be associated with structural changes in white matter integrity and gray matter volumes ([@bib0025], [@bib0130], [@bib0155]).

This shift may also be a result of how the brain is responding to the task over the course of development. Because we controlled for the independent contribution of performance, age related shift in function is independent of performance in our study. However, the shift from rostral/anterior to dorsal/posterior MFC may be indicative of an underlying difference in how children and adults perform this task. Consistent with the work of [@bib0020] the developmental shift we found may indicate greater automaticity in adult processing while youth may cognitively rehearse rules to a greater degree in order to achieve the same level of performance.

Prior work has also suggested the importance of controlling for age-related differences in performance, with [@bib0210] finding age-related increases in MFC activation during stop signal task designed to force a 50% fail rate in a similar healthy developmental cohort. Our use of hierarchical linear modeling allowed us to simultaneously test the effects of age and performance on location of MFC activation, while controlling for potential developmental changes in extent of that activation. In addition to becoming more dorsally located with increasing age and accuracy, MFC activation was observed to decrease in extent with development. This supports the integrative specialization theory of cognitive developmental neuroscience ([@bib0130]) in that we observe more diffuse activation in youth and greater specialization in location of activation in adulthood.

Our work highlights the importance of location of MFC activation to the development of interference processing, showing a linear effect of age where for each year in age, activation shifts more dorsally by ∼1 mm. By taking into account the role of age, accuracy and the interacting effects of activation extent, we have demonstrated that age and accuracy follow separate but analogous topographical patterns of development, with each predictor associated to more dorsally located activation within the MFC. In fact, most of the between-individual variability in location (85%) can be accounted for by age and performance factors. Immaturity of the MFC in youth, in which limbic-associated rostral subregions develop prior to dorsally located areas for cognitive control regions ([@bib0190]), and greater reliance on rehearsal of performance rules ([@bib0020]) may be responsible for increased failure to suppress interference at younger ages.

4.2. Error processing: longitudinal distance {#sec0110}
--------------------------------------------

It is important to understand brain function in tasks that mimic real world performance where youth exhibit performance deficits relative to adults. However, when controlling for performance differences and cluster extent, no significant relation of age to location of error-related activation within MFC was observed. Rather, more dorsal and posterior activation within the MFC was predicted by greater number of errors across subjects, regardless of age. This finding is consistent with other work that has identified dorsal MFC as responsive to the commission of errors ([@bib0035], [@bib0250], [@bib0150], [@bib0105], [@bib0120]). In contrast to interference-related activations which were more dorsal for better performing individuals, error-related activations were more rostrally located with better overall performance (i.e., lower commission error rates). Differential location of MFC activation for interference and errors in better performing individuals distinguishes these functions as separable aspects of performance monitoring, consistent with prior work ([@bib0305]). More rostral activation of MFC to errors has been previously observed in the context of monetary incentive to perform well ([@bib0260]), and our results suggest that more rostral MFC activation to errors may enhance overall performance even in the absence of external incentive.

4.3. Interference and error: radial distance {#sec0115}
--------------------------------------------

There remained within individual unexplained variance in radial distance in both error and interference models after controlling for between individual variance in age and accuracy. This suggests that radial location of brain activity is mostly dependent on within individual variability that is not accounted for by between individual differences in age or performance.

5. Conclusions {#sec0120}
==============

A primary limitation of our study is that we considered only individual differences in age and accuracy, when many other factors may impact location of MFC response to performance monitoring, which varies substantially even among healthy adults ([@bib0260]). In addition to developmental factors ([@bib0160], [@bib0215], [@bib0210], [@bib0100]) and task performance ([@bib0160], [@bib0185], [@bib0085]), BOLD signal activations are influenced by individual variability in BOLD signal at rest ([@bib0175]), task motivation ([@bib0165]), and effortful control ([@bib0270]). To further an understanding of developing brain function it will be necessary to better examine the role of inter and intra individual differences across a wide range of potentially influential factors ([@bib0135], [@bib0280]). In addition, the critical role of other brain regions, outside the MFC, in performance monitoring has been well-documented ([@bib0265]), underscoring the importance of considering other elements of neural circuitry in mapping development of performance monitoring function. Understanding of networked regions associated with performance monitoring would better characterize these changes as resulting from skill learning or interactive specialization over the course of development ([@bib0130]). The results of this study suggest that children and adolescents utilize a broader section of the PFC, while adults use a more focal region of the dorsal/posterior prefrontal cortex.

Nonetheless, our work demonstrates that topographical analysis of single-subject activation patterns has the advantage of being able to examine multiple factors associated with activation patterns including individual factors (e.g., age, performance), and characteristics of the activation itself (e.g. location and extent). The introduction of HLM to the analysis allows for the separation of hierarchical nested data at inter and intra-individual levels and to estimate variance accounted for at multiple levels simultaneously ([@bib0205]). The application of this analytic approach enables testing for age effects on aspects of brain activation, while controlling for other potentially relevant factors between and within individuals. In addition this method allows for examination of the degree of unexplained variance at different levels of analysis and to estimate the effects of variables, such as age, accuracy and extent of activation.

Despite our small sample size, we were able to determine that there is a dorsal to rostral shift in location of MFC activation during interference that is predicted by age and accuracy. This shift had been suggested by other studies, including our previous analysis of these data, however, using analysis of single-subject topographical patterns of activation and HLM, we were able to control for competing factors and estimate the degree to which development and performance determine location of BOLD signal within the MFC. This is the first study to demonstrate a progressive developmental shift in the location of MFC activation from youth to adulthood. During error, we failed to find a difference in location, intensity or extent of activation with age, but instead with accuracy, which suggest that performance may be integral to differences in development of error processing in MFC.

This study also represents a significant advance in fMRI methods. Through the consideration of multiple factors, both within and between individuals, we have controlled for individual variability in brain function, developmental change and performance differences in one analysis. The findings highlight the importance of considering development and performance differences during performance monitoring. Our data underscore that the developmental maturation of the MFC during performance monitoring accounts for significant variability between individuals in neural activity during performance monitoring.
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